Background Distal femoral osteotomies (DFO) can be used to correct deformities around the knee. Although osteotomies can be fixed with either internal or external fixation techniques, the advantages of one over the other are unclear. Questions/purposes We asked whether (1) for both techniques, we could accurately correct the deformities based on our preoperative goals for mechanical axis deviation (MAD) and lateral distal femoral angle (LDFA), and (2) intraoperative times, (3) preoperative and postoperative knee ROM, and (4) complications differed. Patients and Methods We identified 26 patients (34 limbs) who underwent femoral osteotomies. We compared accuracy of correction (based on correction of the MAD and the LDFA), duration of surgery, preoperative and postoperative knee ROM, and complications. The minimum followup was 20 months (mean, 29 months; range, 20-40 months). Results We achieved the desired MAD within 10 mm of the goal in 18 of 21 limbs with the unilateral frame and in 12 of 13 limbs using fixator-assisted plating. Operative time for fixator-assisted plating was longer (122 ± 34 minutes) than when using a unilateral frame (94 ± 65 minutes). Preoperative and postoperative knee ROMs were similar for both techniques and there were no major complications. Conclusions We obtained accurate correction of deformities with both fixation techniques. Our experience suggests the method to be used should be left to the discretion of the surgeon and the needs and wishes of the patient after adequate explanation of the advantages and disadvantages. Level of Evidence Level III, therapeutic study. See the Guidelines for Authors for a complete description of levels of evidence.
Introduction
Femoral osteotomies are used for correcting deformity and unloading joints with unicompartmental arthritis. Although TKA narrowed the indications for this once-common procedure, the femoral osteotomy remains a reasonable treatment for many patients with limb deformities [7, 25] , and is broadly indicated when there is a deformity resulting in malalignment of the hip and lower extremity (nonunion/ malunion of a fractured femur neck and rotational deformities, such a severe femoral anteversion or hip osteoarthritis).
Angular deformities of the distal femur can be acquired or developmental, and are seen in patients with fracture malunion [11, 27] , adolescent-onset Blount disease [13, 33] , metabolic disorders [14] , osteoarthritis [5, 6, 17, 18] , and idiopathic processes [14, 20] . Limb deformities affect axial alignment of the lower limbs and are especially important regarding mechanical forces sustained across articular cartilage during ambulation. Biomechanical
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During the past 9 years, we used two minimally invasive approaches to DFOs. The DFO with a unilateral fixator is entirely percutaneous, and the DFO with fixator-assisted plating is a minimal incision technique that does not require patients to wear an external fixator. We are inclined to use external fixation in a patient with a thin thigh, when there is a perceived need to adjust position postoperatively, or when surgical time is an issue (combined femoral/tibial surgery), whereas we are inclined to use a locking plate in patients with large thighs or when there is a particular desire to avoid external fixation, like an adjacent knee replacement or a patient who is immunocompromised. However, the decision to use either technique is largely driven by patient choice.
We asked (1) if we could accurately correct the deformities based on our preoperative goals for the MAD and LDFA with both techniques, and whether (2) the intraoperative times, (3) preoperative and postoperative knee ROM, and (4) complications differed.
Patients and Methods
We retrospectively reviewed 26 patients (34 treated limbs) who underwent DFO for deformity correction at our institution between 2000 and 2009. We included all patients who underwent correction for femoral deformities with either fixator-assisted plating or a unilateral frame and who had at least 1 year followup, and we recorded their demographics (Table 1) . We excluded patients younger than 18 years. There were no differences in age, preoperative joint orientation angles, proportion of varus/valgus deformities, or length of followup between the two groups of patients. Four patients had staged tibial osteotomies.
The indications for surgery included distal femoral deformity with mild to moderate unicompartmental knee osteoarthritis. For patients with valgus deformity and a lateral MAD, the minimum deviation was 8 mm lateral. For patients with varus deformity with a medial MAD, the minimum deformity accepted was 18 mm medial. Contraindications included patients with advanced, tricompartmental osteoarthritis, and they were treated with total knee replacement. We were more likely to recommend external fixation if the patient's skin quality was poor, if there was a surgical time constraint (eg, additional tibial deformity correction in the same surgery), if there was a need for additional limb lengthening or if the deformity was very large and acute correction was not considered to be safe. Taking this into account, we chose the fixation technique after discussion with each patient regarding their preference for internal or external fixation. The minimum followup was 20 months (mean, 29 months; range, 20-40 months). No patients were lost to followup. No patients were recalled specifically for this study; all data were obtained from medical records and radiographs.
Preoperative evaluation included measurements of frontal plane deformity on a 51-inch erect-leg bipedal radiograph. The second author (RS) made all measurements on the radiographs; the MAD and joint orientation angles, including the LDFA, were measured using the methods described by Paley et al. [23, 26] . A previous study showed high interobserver reliability for long film measurements of joint orientation angles, such as the MAD and LDFA [12] . We defined the magnitude of the deformity by the MAD. Where neutral alignment was the goal, the distal mechanical axis line was drawn through the center of the knee. When overcorrection was the goal, the distal mechanical axis line was drawn to the desired location through the knee. Patients who intentionally had overcorrection either had unicompartmental arthritis or valgus deformity. The center of rotation and angulation (CORA) was located at the intersection of the proximal and The senior authors (SRR, ATF) performed all surgeries using both techniques. The procedure for the unilateral frame ( Fig. 1) was performed with the patient under combined spinal and epidural anesthesia with sedation. All half pins were inserted perpendicular to the anatomic axis of each segment of the femur to provide improved frame fit on the thigh. The femur was predrilled bicortically and 6-mm hydroxyapatite-coated half pins were inserted by hand through stab incisions. Using four half pins, the unilateral rail frame (EBI/ Biomet, Parsippany, NJ, USA) was mounted. This distal clamp of the frame had variable angulation, enabling the frame mount to match the deformity. The frame then was removed and angulation was adjusted to the neutral position. Using a percutaneous multiple drill hole and osteotome technique under fluoroscopic guidance, an osteotomy was performed through a 1-cm incision. An acute correction of the deformity was accomplished and translation as needed was introduced. A neutral frame was applied to stabilize the osteotomy. A few millimeters of compression was applied to ensure optimal contact and stability, and fluoroscopic images were taken to ensure there was no change in bone position after applying compression.
Fixator-assisted plating was performed with the patient under combined spinal and epidural anesthesia with sedation. The multiaxial correction (MAC) frame (EBI) was applied on the anterior and medial aspects of the femur to match the deformity. The CORA was localized on the patient's thigh using c-arm fluoroscopy, and the hinge of the fixator was centered over it. The frame then was fixed using two to three proximal and two to three distal 6-mm half pins. The proximal pins were placed anteriorly and distal pins were introduced from the medial side, off an arch. Pin position was chosen so the lateral aspect of the femur was free for plating. The frame was detached and the osteotomy was performed using a percutaneous multiple drill hole and osteotome technique under fluoroscopic guidance, before the frame was reattached ( Fig. 2A) . Using the external fixator, the bone fragments were realigned, intraoperatively, to correct the deformity, and alignment was confirmed using fluoroscopy (Fig. 2B) . A 5-cm lateral skin incision was made over the lateral distal femur. The fascia of the iliotibial band was incised, and a path was created along the distal femur and under the vastus lateralis to apply the locking pate. Internal fixation was performed using a Smith & Nephew (Memphis, TN, USA) locked distal femur plate. Proximal screws were placed percutaneously using the targeting device (Fig. 2C) . The proximal plate typically was separated from the bone to accommodate the appropriate translation at the osteotomy site. After placing the first two proximal and distal locking screws through the plate, the frame and half pins were removed. The remaining plate screws then were inserted. The last intraoperative fluoroscopic images showed no change from the desired position (Fig. 2D) .
In both techniques, alignment was optimized by using a fixator that allowed precise measurement of angular Correction of femoral deformities correction. The position was checked with intraoperative radiographs using the Bovie cord alignment technique [16, 23, 34] ; placing the cord from the center of the hip to the ankle center, and then checking the position of the cord at the knee.
Patients wearing a unilateral frame were allowed to weightbear as tolerated and had supervised physical therapy three times a week. Most patients in this group were walking without the need for two crutches at 6 to 8 weeks postoperatively. Patients requiring surgery to both limbs had staged procedures, with correction to the second limb 6 to 8 weeks after the first. Patients performed daily pin care with half-strength hydrogen peroxide solution and coverage of pin sites with a dry sterile gauze wrap. The frame was removed when the patient was able to weightbear without pain and when bridging bone on three of four cortices were seen on radiographs.
Patients who had fixator-assisted plating were kept at 30-lb partial weightbearing for 6 weeks, and then allowed to progress weightbearing at the surgeon's discretion.
Postoperative followup was at 2 weeks, monthly for 6 months, and 1 and 2 years postoperatively. Patients also returned as needed between these scheduled visits. At each visit, we measured knee ROM and took radiographs to assess bone healing and check alignment. We determined osseous union by the presence of bridging bone on three of four cortices, as seen on the AP and lateral radiographs. For both treatment arms, the following information was obtained from the medical records: duration of surgery, complications, LDFA, MAD, and knee ROM. We also recorded the time patients wore the unilateral frame. We defined major complications as those warranting additional surgery, such as nonunion, refracture, hardware failure, deep pin infection requiring premature pin removal, infection requiring intravenous antibiotics, permanent knee stiffness, neurovascular injury, and stress fracture through a pin or screw hole. We defined a minor complication as a common postoperative problem, such as superficial skin infections and hardware-associated discomfort.
We divided each group into two subgroups, depending on whether the treatment goal was a MAD of 0 mm (center) or overcorrection. The outcomes included MAD data points medial and lateral to midline. To report this accurately, we averaged the medial and lateral data points separately. This generates separate medial and lateral values. We also recorded this as an absolute value. This way, the reader can understand the absolute distance between the postoperative MAD and the intended goal, and the direction of displacement.
We performed an independent sample t-test to calculate the absolute difference between the intended and achieved joint angle and the a priori intended correction (0 MAD for Fig. 2A-D The fluoroscopy images show the operative technique for fixator-assisted plating.
(A) This image shows application of temporary frame and osteotomy, followed by (B) correction of deformity, (C) application of the lateral locking plate, and (D) plate fixation and frame removal. patients without arthritis, overcorrection for patients with arthritis). To assess the precision of the reported reliability estimates, we calculated 95% confidence intervals (95% CI). We performed all analyses using SPSS Version 14.0 (SPSS Inc, Chicago, IL, USA).
Results
We achieved an MAD within 10 mm of the goal in 18 of 21 limbs with the unilateral frame ( Table 2 ) and in 12 of 13 limbs using fixator-assisted plating (Table 3) . 
Correction of femoral deformities
We achieved restoration of LDFA to within the normal range (878-908) in 14 of 21 limbs using the unilateral frame and nine of 13 limbs with fixator-assisted plating. In the unilateral frame group, we achieved an absolute average of 8.5-mm off-neutral alignment in patients with a varus deformity (Table 4) ; whereas in the fixator-assisted plating group, we achieved an average of 8-mm off-neutral alignment. One patient had varus correction with a fixatorassisted locking plate and a preoperative MAD of 64 mm medial. Postoperative MAD achieved was neutral (also had a staged tibial osteotomy). The results of patients who underwent intentional overcorrection were recorded ( Table 5) . We also were able to correct the LDFA based on the presenting deformity ( Table 6 ). The mean LDFA was similar in the two treatment groups preoperatively (p = 0.7627) and postoperatively (p = 0.491).
The operative time for fixator-assisted plating (mean, 122 minutes) was longer (p = 0.001) than application of a unilateral frame (mean, 94 minutes). The average time patients wore the unilateral frame was 111 ± 24 days.
At last followup, knee ROM was similar to the preoperative ROM in both groups (p = 0.501).
We observed no nonunions, deep infections, or complications in our study population. Good postoperative pin care by patients resulted in no pin site infections. One patient (with a unilateral frame) presented with new-onset thigh pain on the day of frame removal. A radiograph showed a fracture proximal to the osteotomy site through a pin site. We removed the pin and left the frame in place for an additional 6 weeks. None of the patients with unilateral frames required additional alignment changes postoperatively.
Patients who underwent fixator-assisted plating tended to require postoperative transfusions more than those with a unilateral frame. Seven extremities treated with a locking plate experienced hardware-related discomfort and Preoperative LDFA less than 90°(valgus) 85 ± 6 9 0 ± 3 Preoperative LDFA greater than or equal to 90°(varus) 95 ± 6 9 0 ± 3
Fixator-assisted plating Preoperative LDFA less than 90°(valgus) 84 ± 7 9 1 ± 2 Preoperative LDFA greater than or equal to 90°(varus) 96 ± 7 9 1 ± 2 LDFA = lateral distal femoral angle.
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1 underwent hardware removal at an average of 10 months (range, 6-13 months) postoperatively.
Discussion
The literature suggests that progressive osteoarthritis is associated with malalignment of the joints [8, 9, 25, 35, 38] . The benefits of early femoral osteotomy to correct the deformity are twofold: biomechanical studies and studies containing short-term data suggest that realignment often reduces symptoms [8, 9] and may prevent joint degeneration before arthritic changes [8, 9, 38] , and restoration of normal alignment in the patients with arthritis often can decrease pain, improve function, and slow further degeneration [9, 38] . Moreover, if the relief of symptoms is incomplete, and the patient later requires joint replacement, the arthroplasty may be simplified by restoration of the anatomy. There is little to suggest choosing one technique over the other for fixation after a DFO. Regarding this, we asked the following: (1) how accurately were we able to correct the deformities, based on our preoperative goals for the MAD and LDFA; were there any differences in (2) the intraoperative time and (3) preoperative and postoperative knee ROM; and (4) what complications are associated with either technique? Our study has several limitations. First, the patients were reviewed retrospectively and most data were retrieved from charts. We occasionally needed to retrospectively measure radiographs, but these measurements were made by one author (RS) using a uniform method. Second, we included all patients treated using either fixation technique, which resulted in different proportions of men to women in both groups. However, other variables, such as age, preoperative joint orientation angles, and proportion of varus/valgus deformities, are comparable. Third, our study is a small series and therefore we were not able to look at subjective variables such as pain control, patient satisfaction, and their experiences with the rehabilitation process. Therefore, we chose the objective variables of joint orientation angle correction, joint ROM, operative times, and complication profile. Fourth, we found inconsistent recording of pain, narcotic use, cost, preoperative and postoperative SF-36 scores, and superficial pin infection. Although our results show that the techniques are equivalent in terms of accuracy of correction of joint orientation angles, a future larger prospective study would better define the full experience of undergoing these two different surgical techniques and help patients and doctors make a more informed decision.
We found that both methods reliably and accurately corrected the deformity. This corroborates with other studies [1, 21, 22, 29, 37, 42, 43] . However, we would like to highlight one patient (age 64 years) who presented with a MAD of 55 mm lateral and a dynamic deformity with joint line obliquity and lax collateral ligaments. After plating, the knee lapsed back into valgus, and the MAD at last followup was 35 mm lateral. We suggest fixatorassisted plating is not ideal for patients with a very dynamic deformity, as it is difficult to predict how the joint line obliquity will affect the final position. External fixation may be a better approach for these patients.
Various studies of fractures [3, 15, 40, 41] report operative times, but it is difficult to draw parallels with these. However, we agree with Boghdady and Shalaby [3] that familiarity with the operative technique plays a major role in reducing the mean operative time.
The postoperative ROM of the knee was preserved in our series of patients. This concurs with other series, such as the series of Oh et al. [21] that included 19 limbs that were corrected using a locking plate and there was no loss of adjacent joint ROM when measured at last followup. Higher rates of adjacent joint stiffness were reported in other studies [3, 15, 40, 41] .
Although our study broadly fits into the framework of previous studies examining deformity correction [28, 30, 31] , there have not been any studies comparing these methods of fixation in adult distal femur osteotomies. We found both methods of femoral fixation are associated with low complication rates. Although locking plates provide more mechanical rigidity at the osteotomy site, common disadvantages include the risk of hardware failure or painful hardware, inability for residual correction after surgery, and potential bone loss under the plate [27] . The most common postoperative problem encountered was painful hardware, and seven patients treated with a locking plate experienced pain, which led to hardware removal at an average of 10 months after surgery. Despite this, several studies show rigid internal fixation is used extensively in patients after DFOs [1, 18, 21, 22, 42] . Our results are corroborated by Keast-Butler and Schemitsch's review of fixation techniques, where they found no evidence supporting internal fixation with plates over external fixation after distal radial fractures [10] . We report a smaller complication profile compared with fracture studies [2, 29, 32] which suggest definitive treatment of femoral fractures with external fixation is associated with nonunion in 9% to 20% of patients, deep pin track infections in 6% to 20%, and knee stiffness in 0% to 45%, whereas a systematic literature review by Zlowodzki et al. [43] (n = 327) found that average nonunion, fixation failure, deep infection, and secondary surgery rates were 5.5%, 4.9%, 2.1%, and 16.2%, respectively. Fixation failure has been attributed to waiting too long to bone graft defects, premature weightbearing, and placing the plate too anterior on the femoral shaft [4, 36, 37] .
We found both surgical techniques provided similarly accurate deformity correction, and have unique disadvantages intraoperatively and postoperatively, which should be evaluated for every patient to achieve the greatest concordance and optimal surgical outcome. This reiterates the statement by Paley et al. [24, 26] that the CORA method and principles of planning deformity correction can be applied with most hardware systems, and any complications tend to be associated with inappropriate application rather than the choice of hardware. Both techniques of DFO can be used effectively. The choice of technique is based on the clinical scenario as well as the surgeon's experience and preference.
